Transport of pyrimidine nucleosides into germinating Petunia hybrida pollen is carrier-mediated, and, except for thymidine, is inhibited by the energy poisons N,N'-dicyclohexylcarbodiimide, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole, 2,4-dinitrophenol, and carbonylcyanide-m-chlorophenylhydrazone. Kinetic studies with analogs deoxyuridine and 5-bromodeoxyuridine show that they too are taken up faster than thymidine and inhibited by the energy poisons. These and other analogs inhibit uridine and cytidine transport more than thymidine, as do the inhibitors parachloromercuribenzoic acid, N-ethylmaleimide, phenylarsine oxide, ophenanthroline, ethylene diamenetetraacetate, and ethylene glycol-bis (6-aminoethyl ether) N,N,N'N'-tetraacetic acid. Citrate, phosphate, succinate, and tartrate inhibited uptake of all pyrimidine nucleosides. The specific inhibitor of nucleoside transport in animal cells, nitrobenzylthioinosine, has little effect on pollen transport. Uridine and deoxyuridine accumulate against a concentration gradient, suggesting active transport. Except for thymidine, however, transported nucleosides were found to be extensively phosphorylated. Until mutant plants are found which do not phosphorylate uridine, it is not possible to decide unequivocally between active and nonactive transport for uridine. However, consistent with a low level of DNA synthesis in germinating Petunia pollen, it is clear that thymidine transport is nonactive and relatively slow. It is apparent from these experiments that a more sensitive way to study DNA repair in this pollen would be to use 5-bromodeoxyuridine or deoxyuridine instead of thymidine to label repaired DNA. The results show that pollen has the transport systems necessary to take up pyrimidine nucleosides from Petunia styles, where it is known that the concentration of free nucleosides increase after pollination.
The nucleosides uridine and thymidine can be used to follow nucleic acid synthesis (12, 26, 27) or DNA repair (4-7) in pollen.
In addition these nucleic acid precursors are known to increase in the style following pollination (29) , when there is a close interaction between style and pollen (1 1) . A considerable saving in energy could be made if these precursors were taken up by the pollen, and salvaged for synthetic needs, rather than be synthesized within the pollen de novo as described earlier for other plant tissue (17, 18, 20) . A knowledge of the mode of transport of these precursors into pollen may therefore be of practical importance for nucleic acid studies and useful in understanding the interaction between style and pollen. A similar situation exists between endosperm and embryo, where Kombrink and Beevers (9) have shown movement of nucleosides from endosperm to embryo. These authors make the point that little is known about the mechanism oftransport of nucleosides in plant cells, in contrast to the wealth of information for bacterial and animal cells. In Escherichia coli, for example, nucleoside transfer takes place by an active, carrier-mediated process (15, 16) , while animal cells carry out the transfer by a nonactive, carrier-mediated mechanism (21-23, 31, 33) .
We have recently described in a short communication some unusual aspects of pyrimidine nucleoside transport in pollen from Petunia hybrida (8) . The transport ofthymidine and uridine were found to have divergent properties. These and other properties are examined more fully in the present communication; we report thymidine transport to be even more unique among pyrimidine nucleosides than previously indicated.
MATERIALS AND grains at a linear rate up until at least 30 min of culture, the rate of uridine and cytidine transfer being substantially higher than that for thymidine. The transport of all pyrimidine nucleosides showed a broad pH optimum between 4.5 and 8.5. The variation of rate with substrate concentration indicates a transport system which is saturable with substrate and therefore is carrier-mediated for these pyrimidine nucleosides. As reported previously (8) , kinetic analysis of the substrate saturation curves shows no great difference in Km between uridine, cytidine, and thymidine (1 1. pmol nucleoside/min-Ml pollen grain H20, respectively). These figures already suggest some major difference in transport between thymidine and the other pyrimidine nucleosides. This was confirmed when we preloaded pollen grains with labeled thymidine (5 M, for 30 min), resuspended the pollen in fresh medium containing 100 AM uridine or cytidine, and observed the efflux of labeled thymidine compared with controls without uridine or cytidine. There was no significant difference in thymidine efflux (found to be 30% of total transport), indicating that thymidine may be transferred by a different carrier to that for uridine or cytidine. Similarly, thymidine had no significant effect on uridine efflux, which however is negligible.
In addition to the inhibition of uridine transport by the metabolic inhibitors DCCD,' NBD-Cl, DNP, and CCCP (8), we have now shown that transfer of uridine is inhibited by low concentrations of oligomycin (2 ,ug/ml gives 29% inhibition), NaN3 (50 AM gives 27% inhibition), and vanadate (50 M gives 17% inhibition). In contrast, thymidine permeation is little affected by these or other energy poisons (8) . Even if Petunia pollen is cultured for 1 h in the presence of DNP or DCCD (a process which substantially increases inhibition of uridine and cytidine transport), and transport then measured, there was no further inhibition of thymidine transport.
Transport of Pyrmidine Nucleoside Analogs. Kinetic analysis of the transport of the analogs deoxyuridine and 5-bromodeoxyuridine showed that both are transferred by a saturable system with a Km (23.9 ± 1.1 Mm and 39.1 ± 1.4 AM, respectively) somewhat higher than that for the other pyrimidine nucleosides. Maximal velocities, however, were found to be 1 1.48 ± 0.16 and 8.21 ± 0.11 pmol analog/minm -l pollen grain H20, respectively, and thus are more in line with transport rates obtained for uridine and cytidine, and much higher than for thymidine. This difference was supported by the effect of the metabolic inhibitors on analog transport (Table I ). The ATPase inhibitors DCCD and NBD-Cl are effective inhibitors of deoxyuridine and 5-bromodeoxyuridine transport (as for uridine and cytidine), unlike thymidine transport which is not affected by these compounds (8) . Similarly, the proton translocators DNP and CCCP inhibited analog transport (Table I) to the same extent as uridine and cytidine transport, and to a much greater degree than observed with thymidine (8) . As shown in Table I , uridine and thymidine inhibited analog transport to approximately the same degree, while deoxyuridine was an effective inhibitor of 5-bromodeoxyuridine transport. Table II transported nucleosides are readily converted to nucleoside-monophosphate, -diphosphate, and -triphosphate to a varying extent. However, over the time studied, thymidine alone does not show significant conversion. As reported earlier, at longer incubation times and especially after induction ofDNA repair, transported thymidine label can be shown to be converted to the nucleotide derivatives (6) . We find that the concentration of free nucleoside accumulating inside the pollen exceeds that of nucleoside in the medium for both uridine and deoxyuridine, but is not significantly higher for the other pyrimidine nucleosides. Under the conditions of experiment, at an external concentration of 5 pmol/Ml, uridine and deoxyuridine accumulated in the pollen grain to the extent of 14.05 and 17.04 pmol/30 min-,l pollen grain H20, respectively.
Effect of Analogs on Pyrimidine Nucleoside Trnsport. The bases thymine, uracil, and cytosine, and the free sugar ribose, are without significant effect on pyrimidine nucleoside transport (Table III) . We have already reported elsewhere (8) that the purine nucleosides adenosine and guanosine are poor inhibitors of pyrimidine nucleoside transfer in Petunia pollen, and we support this now with the further observation that inosine and the potent inhibitor of animal cell pyrimidine nucleoside transport, nitrobenzylthioinosine (25, 33) , are both without significant effect on pyrimidine nucleoside permeation in pollen (Table III) . Another inhibitor of mammalian cell pyrimidine nucleoside transport, dipyridamole (33) , is also without effect on the Petunia pollen systems. While deoxyuridine, deoxycytidine, 5-bromodeoxyuridine, and 5-fluorodeoxyuridine all inhibit thymidine transport, these pyrimidine nucleoside analogs inhibit uridine or cytidine transport even more. The analogs 4-thiouridine and 5-azauridine inhibit uridine transport, but do not give significant inhibition of thymidine transport (Table III) .
Effect of Thiol Binding Agents, Chelators, and Other Inhibitors on Transport. Pyrimidine nucleoside transport in both bacterial and animal cells is severely inhibited by sulihydryl reagents (16, 32) , and the pollen transport systems are no exception. Both N-ethylmaleimide and pCMB inhibit pyrimidine nucleoside transfer in Petunia pollen. Inhibition of uridine transport by (Table IV) . However, highlighting the difference between uridine and thymidine transport in pollen, phenylarsine oxide did not affect thymidine transport at all. The other sulfbydryl reagents had a lesser effect on thymidine transport also (Table IV) . Of a number of other reagents tried, only certain metal chelators gave inhibition of pyrimidine nucleoside transport. Thus, although DIECA was not effective on either uridine or thymidine transport, o-phenanthroline inhibited both, only uridine transport more than thymidine (Table IV) . It was observed that o-phenanthroline also induced the efflux of pyrimidine nucleosides. A clear-cut difference between uridine and thymidine transfer became apparent when EDTA and EGTA were included in the culture medium. EDTA was found to inhibit uridine transport and was without effect on thymidine transfer, while EGTA likewise inhibited uridine transport and actually stimulated that of thymidine (Table IV) .
Effect of Ions on Pyrimidine Nucleoside Transport. Of the cations, only the heavy metals showed inhibition of pyrimidine nucleoside transport at concentrations of 1 mm or less. Uridine transport was affected rather more than thymidine transport in this regard (Table V) . Sodium and potassium ions did give inhibition of both, but only at relatively high concentrations, while calcium and magnesium had little effect on the transport systems at 1 mM.
Several anions were found to inhibit nucleoside transport in Petunia pollen (Table VI) . The polyanions citrate and phosphate were most effective in this regard, but succinate, tartrate, and acetate also gave significant inhibition at concentration of 1 mm or greater (Table VI) . Nitrate, sulfite, and sulfate ions were without significant effect at this concentration. Both uridine and thymidine transport responded similarly to anions wherever both were tested. (8) , has now been demonstrated to apply also to the pyrimidine nucleoside analogs 5-bromodeoxyuridine and deoxyuridine. Despite the fact that these two compounds are usually considered to be thymidine analogs and as such are incorporated into DNA in a wide range of organisms (10) , in the pollen grain transport of these analogs is more like that for uridine and cytidine than for thymidine. The maximal velocity of 5-bromodeoxyuridine and deoxuridine is considerably higher than that for thymidine, and there may be, therefore, considerable practical advantage in using these analogs for DNA labeling studies with germinating pollen where advantage can be taken to increase analog concentration to overcome the disadvantage of a higher Km. These considerations may be especially useful in DNA repair studies of the type reported earlier (4) (5) (6) (7) .
It now seems that thymidine transport differs from that for uridine and cytidine transport in several ways. That thymidine transport is achieved by a different carrier is suggested from the lack of effect of uridine on thymidine effiux. In addition to the fact that the rate of transfer is significantly lower than that for the other pyrimidine nucleosides (including the analogs), thymidine entry is not so prone to inhibition by chelating agents, and is less sensitive to sulfhydryl-binding reagents as well as heavy metal ions. The accumulation ofuridine and deoxyuridine against a concentration gradient, in addition to evidence from the use of energy poisons, suggests that the pyrimidine nucleosides with the exception of thymidine are transported by an active (energy-coupled) process. Active (energy-coupled) transport of all pyrimidine nucleosides occurs in E. coli (15, 16) and yeast cells (12) , this interpretation oftransport experiments being supported by observations with certain E. coli mutants (15) . However, until plant mutants unable to phosphorylate pyrimidine nucleosides become available, it will be difficult to prove conclusively that active (energy-coupled) nucleoside transport does occur in plant cells. The results put forward here could possibly be interpreted as phosphorylation (during or immediately after transport) being the step which is affected by energy poisons, although accumulation of uridine and deoxyuridine against a concentration gradient is a strong counterargument in favor of energy-coupled transport of these nucleosides.
All pyrimidine nucleosides enter cultured animal cells (e.g. erythrocytes) by a nonactive process, involving a carrier of wide specificity, which is a protein of similar size and properties to one involved with sugar transport (32, 33) . The recent advances with animal cell transport have been made possible by the highly specific and potent inhibitor nitrobenzylthioinosine, which can be used as a probe for the pyrimidine nucleoside transporter (25, 33) . Such a probe is not available for further studies in Petunia pollen (or, presumably, for the E. coli or yeast systems either), since we report here that nitrobenzylthioinosine is without effect on pyrimidine nucleoside transport in pollen. This observation in itself is of interest, as, among the eukaryotes, it sets the plant cells apart from the animal cells insofar as the mode of pyrimidine nucleoside transport is concerned, in addition to the difference in possible energy-linked characteristics observed with pollen. Tapeworm is the only other eukaryote believed to show the characteristics ofactive transport ofpyrimidine nucleosides ( 19) . Sugar transport in many plant cells proceeds by an energy-linked proton symport (1), a mechanism which has recently been shown to occur for sugar uptake in Lilium longiflorum pollen (3). This would also seem to set pollen apart from cultured erythrocytes and other cultured animal cells where a nonactive, carrier-mediated process prevails for sugar uptake (22, 33) . While the maximal rates of transport of pyrimidine nucleosides in E. coli (16) are of the same order as found, for example in Novikoff rat hepatoma cells (21, 31) (approximately 50 pmol/s/,ul cell H20), these rates are substantially higher than we observe here for uridine transport in Petunia hybrida pollen (0.26 pmol/s/ul pollen grain H20). There does not seem to be any obvious advantage in the expenditure ofenergy on uridine uptake, unless it is that a higher rate of entry of uridine into the cell per molecule oftransporter protein utilized can be achieved this way. We have no means of determining this in pollen. However, pollen does have a thick and presumably impenetrable outer wall (27) which may considerably restrict the area of membrane available for transport processes, perhaps even to the three pores through which a pollen tube eventually emerges. These areas are quite small, and so perhaps there is sufficient reason for the use of energy if it can indeed increase the throughput of the uridine or cytidine transported in that small area for the needs of the RNA (14, 28) , polysaccharide, and membrane lipid biosynthesis (8) that takes place during pollen germination. Although DNA replication does not normally take place during P. hybrida pollen germination (4), and one could attribute the different and low rate ofthymidine transport to a lack ofdemand for this precursor, there is, however, considerable unscheduled DNA synthesis in response to UV irradiation (4) or the presence of mutagens (5) (6) (7) and this may require immediate and substantial input of precursor for a short time. There is considerable evidence for a close interaction between pollen and pistil, including uptake of small mol wt compounds from pistil to pollen for synthesis of high mol wt materials essential for pollen tube development and other needs (11) . The findings reported herein are consistent with this process occurring during pollination. We are, therefore, investigating further the behavior of these and other transport systems under various conditions and through the various stages of Petunia pollen germination, as they must have implications for pollen-stigma/style interactions, perhaps for compatibility, and for the passage of these and other precursors from stigma or style to the developing pollen tube (1 1, 13) .
